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(57) ABSTRACT

An interleaved digital to analog converter (DAC) includes at
least a first signal path and a second signal path. The DAC
further includes at least a first high speed DAC and a second
high speed DAC each having an input and an output. The first
signal path and the second signal path are electrically coupled
to the first high speed DAC input and the second high speed
DAC input, respectively. The DAC also includes a zero phase
clock signal supplied to the first high speed DAC and a 180°
phase shifted clock signal supplied to the second high speed
DAC. A summation circuit, having at least two inputs and one
output, is coupled to the outputs of the first high speed DAC
and the second high speed DACs. A high-pass delta sigma
modulator, a low-pass delta sigma modulator, a band pass
delta sigma modulator, or notch filter delta sigma modulator
is coupled between the first signal path and the first high speed
DAC. A second a high-pass delta sigma modulator, a second
low-pass delta sigma modulator, a second band pass delta
sigma modulator, or a second notch filter delta sigma modu-
lators electrically coupled between the second signal path and
the second high speed DAC.

5 Claims, 7 Drawing Sheets
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1
MULTI-FUNCTION RECONFIGURABLE
DELTA SIGMA DAC

RIGHTS OF THE GOVERNMENT

The invention described herein may be manufactured and
used by or for the Government of the United States for all
governmental purposes without the payment of any royalty.

FIELD OF THE INVENTION

The present invention relates generally to digital-to-analog
converters and, more particularly, to digital-to-analog con-
verters that may be reconfigured to accommodate varied car-
rier frequencies, bandwidths, waveforms, and scalable output
powers.

BACKGROUND OF THE INVENTION

A Digital-to-Analog Converter (DAC) is a circuit that con-
verts discrete digital measures of signal amplitude into a
continuous analog electrical equivalent of the encoded signal.
The amplitude and frequency are a specified digital number
(for example, a 16 bit word) and the step time between words
is the sampling rate (for example, 44,100 times per second).
This process can be seen as a mathematical zero-order-hold
approximation, wherein tops of bars having fixed width and
discrete height (digital amplitudes at a fixed sample rate) are
used to approximate continuous analog signals. In such a
system, the number of discrete heights defines the DAC’s
resolution, and the width of each bar is determined by the
DAC sampling rate. The goal of the DAC is to adjust the top
of'each discrete bar to coincide with the level specified by the
digital word. Some techniques used to accomplish this
include: binary, unary, and delta sigma, and each has its own
limitations and requirements.

In binary weighting, individual DAC cells take on discrete
amplitudes that increase by multiples of two. The weightings
are such that any signal height within the DAC range can be
achieved by summing DAC cells to yield the desired ampli-
tude. For example, an amplitude of five would be constructed
from a cell of amplitude one and a cell of amplitude four. The
accuracy of this method depends on the ability of each cell to
match its particular multiple-of-two value.

In unary weighting, each DAC cell takes on the same
amplitude. By summing enough cells, any amplitude, up to
the maximum number of DAC cells, can be achieved. To
reach an amplitude of five, five cells of weight one must be
summed. While unary weighting is generally more accurate
than binary due to the replication of identical cells, the unary
method requires many more DAC cells to operate.

Finally, delta sigma DACs generate the desired signal
amplitude by using very few (often just one) DAC cells. The
cell is operated at dramatically higher speeds than the signal
and alternately exceeds orunder represents the desired signal.
On average and over a large number of samples, the signal is
constructed. By tracking the delta sigma error and filtering
any high frequency noise, very high accuracy can be
achieved. This is especially true because only a small number
of unary cells are needed.

In RF-DAC design, both high bandwidth and low noise
floor are desired, but it is often difficult to maximize both of
these characteristics in a single design. Delta sigma modula-
tors are used to shape quantization noise away from a trans-
mitted signal, thus relaxing the necessary resolution of the
DAC through delta sigma modulation, lowering the noise
floor in only the output band. The difficulty with such meth-
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ods is the narrow bandwidth over which the noise can be
shaped away. This leads to a low noise floor but also to a
reduced bandwidth.

A common example of this is the embedded mixer delta
sigma modulator. A low pass delta sigma modulator operates
on a baseband signal followed by analog or pseudo-analog
up-conversion. The result of this transmitter architecture is a
narrow band signal, limited by the low baseband sample rate,
and a frequency agile single transmission band limited by the
flexibility of the LO. While this may be acceptable for appli-
cations having a narrow range of anticipated signal frequen-
cies, it produces designs that are inflexible and poorly suited
to operate in varied signal environments. For example, since
the waveform and frequency of target signals in an electronic
signal intelligence gathering environment may be unknown,
delta sigma modulators having a fixed filter configuration are
ill suited to the noise reduction task under those circum-
stances. Additionally inaccuracies are imparted by the
pseudo-analog up-conversion as compared to fully digital
up-conversion.

Distinct from the embedded mixer methodology is the
direct-digital-to-RF approach which uses digital up-conver-
sion in lieu of analog frequency translation. Digital up-con-
version has the advantages of being more accurate with
respect to in-phase and quadrature (I/QQ) phase, higher in
bandwidth due to higher sampling frequencies, and more
easily parallelizable (creating multiple frequency indepen-
dent output signals). Unfortunately, the difficulty of this
approach lies in the limited range of frequencies capable of
being synthesized. Since the modulated RF signal is con-
structed in the digital domain, the sample rate of the system
should be high enough to support accurate representation of
the signal. However, common delta sigma modulators, such
as the band-pass modulator, have maximum output frequen-
cies of only Y4 of the sample rate. This leads to frequency
synthesis at only a fraction of the digital clock. While delta
sigma modulators, such as the high pass modulator, would
significantly increase the maximum synthesizable frequency,
they are not feasible in these designs because of the small
offset between the output signal and the first DAC image.

Therefore, there exists a need in the art for a reconfigurable
delta sigma DAC, having direct-digital-to-RF synthesis in a
high speed low resolution configuration capable ofincreasing
bandwidth and maximum {frequency while removing
unwanted signal images or aliases.

SUMMARY OF THE INVENTION

The present invention overcomes the foregoing problems
and other shortcomings, drawbacks, and challenges of prior
art DACs. While the invention will be described in connection
with certain embodiments, it will be understood that the
invention is not limited to these embodiments. To the con-
trary, this invention includes all alternatives, modifications,
and equivalents as may be included within the spirit and scope
of the present invention.

According to one embodiment of the present invention, an
interleaved digital to analog converter (DAC) is provided.
The DAC includes at least a first signal path and a second
signal path. The DAC further includes at least a first high
speed DAC and a second high speed DAC each having an
input and an output. The first signal path and the second signal
path are electrically coupled to the first high speed DAC input
and the second high speed DAC input, respectively. The DAC
also includes a zero phase clock signal supplied to the first
high speed DAC and a 180° phase shifted clock signal sup-
plied to the second high speed DAC. A summation circuit,
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having at least two inputs and one output, is coupled to the
outputs of the first high speed DAC and the second high speed
DACs. A high-pass delta sigma modulator, a low-pass delta
sigma modulator, a band pass delta sigma modulator, or notch
filter delta sigma modulator is coupled between the first sig-
nal path and the first high speed DAC. A second a high-pass
delta sigma modulator, a second low-pass delta sigma modu-
lator, a second band pass delta sigma modulator, or a second
notch filter delta sigma modulator is electrically coupled
between the second signal path and the second high speed
DAC.

According to another embodiment of the disclosed inven-
tion, an interleaved digital to analog converter (DAC) is pro-
vided. The DAC includes at least a first signal path and a
second signal path. The DAC further includes at least a first
high speed DAC and a second high speed DAC each having an
input and an output, wherein the first signal path and the
second signal path are electrically coupled to the first high
speed DAC input and the second high speed DAC input,
respectively. A zero phase clock signal is supplied to the first
high speed DAC and a 180° phase shifted clock signal is
supplied to the second high speed DAC. The DAC further
includes a summation circuit, having at least two inputs and
one output, that is coupled to the outputs of the first high speed
DAC and the second high speed DAC. A first reconfigurable
delta sigma modulator is coupled between the first signal path
and the first high speed DAC. A second reconfigurable delta
sigma modulator is electrically coupled between the second
signal path and the second high speed DAC.

Additional objects, advantages, and novel features of the
invention will be set forth in part in the description which
follows, and in part will become apparent to those skilled in
the art upon examination of the following or may be leaned by
practice of the invention. The objects and advantages of the
invention may berealized and attained by means of the instru-
mentalities and combinations particularly pointed out in the
appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of this specification, illustrate embodi-
ments of the present invention and, together with a general
description of the invention given above, and the detailed
description of the embodiments given below, serve to explain
the principles of the present invention.

FIG. 1A is an architecture block diagram of an interleaved
DAC, and corresponding clocking phase, according to an
embodiment of the disclosed invention.

FIG. 1B is an illustration of the resulting output spectrum
demonstrating high pass noise shaping and DAC image can-
cellation according to an embodiment of the disclosed inven-
tion.

FIG. 2A is an architecture block diagram further detailing
an implementation of a reconfigurable delta sigma modulator
component of the interleaved DAC.

FIG. 2B is an illustration of the resulting output spectrum
of'both band-pass and high pass modes, showing normalized
bandwidth available for output, in accordance with an
embodiment of the disclosed invention.

FIG. 3 is a schematic illustration of DAC interleaving on a
single chip, with delta sigma modulation performed off chip
(not shown in this view), in accordance with embodiments of
the disclosed invention.

FIG. 4 is a graph representing frequency spectrum output
corresponding to the circuit of FIG. 3, wherein a single delta
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4

sigma DAC output spectrum is compared with an interleaved
delta sigma DAC output spectrum.

FIG. 5 is a graph representing frequency output spectrum
corresponding to the circuit in FIG. 3, wherein both a soft-
ware simulation output and an experimentally obtained out-
put are compared.

FIG. 6 is a schematic illustration of the interleaved DAC
and delta sigma modulation on a single chip.

FIG. 71is a graph representing the measured spectrum of the
circuit in FIG. 3 from 0-2 GHz, demonstrating both the band-
pass and highpass output spectra ideally shown in FIG. 2B.

It should be understood that the appended drawings are not
necessarily to scale, presenting a somewhat simplified repre-
sentation of various features illustrative of the basic prin-
ciples of the invention. The specific design features of the
sequence of operations as disclosed herein, including, for
example, specific dimensions, orientations, locations, and
shapes of various illustrated components, will be determined
in part by the particular intended application and use environ-
ment. Certain features of the illustrated embodiments have
been enlarged or distorted relative to others to facilitate visu-
alization and clear understanding. In particular, thin features
may be thickened, for example, for clarity or illustration.

DETAILED DESCRIPTION OF THE INVENTION

With reference to FIG. 1A, an embodiment of the disclosed
multi-function reconfigurable DAC 10 includes a parallel
interleaved architecture whereby the undesirable high fre-
quency images of the DAC are removed. As shown in FIG.
1A, data is alternately fed into a first signal path 12 and a
second signal path 14 each including reconfigurable delta
sigma modulator 16 and a high frequency 18 DAC. As dis-
cussed herein, the term “data” may refer to information con-
veyed either by a single transmission line or conductor, or a
plurality conductors processed in parallel or serially. It should
be noted that the input phase shifts of O and 180 degrees are
accomplished in the digital domain during the delta-sigma
operation. The opposite phase shift is realized with the DAC
clocks of 0 and 180 degrees. The signal of interest is added in
phase (thus increasing its magnitude), while the image signal
is added out of phase, resulting in desirable destructive can-
cellation. By removing the DAC images, the high pass delta
sigma architecture can be used to increase the maximum
transmit frequency of the direct-digital-to-RF transmitter and
increase its bandwidth by making use of multiple Nyquist
zones for signal transmission. As will be explained in detail
below, any of high pass, low pass, or band pass (or a combi-
nation thereof) delta sigma modulation may be employed to
meet design objectives and performance requirements.

FIG. 1B is a graph of the output frequency spectrum exiting
the DAC 10. The desired signal 30, in the first Nyquist zone 32
is prominently distinguished from the high pass quantitation
noise 34. The first image 36, in the second Nyquist zone 38,
has been cancelled allowing the interleaved DAC to utilize
this higher Nyquist zone.

Additionally, the invention mimics the frequency agility of
the embedded mixer topology by actively adjusting the
embedded delta sigma modulator to cover large portions of
the output spectrum. FIG. 2A provides detail to the reconfig-
urable delta sigma modulator 16. Within each reconfigurable
delta sigma modulator block 16, a plurality of filtered modu-
lators are available for selection. As shown here, the DAC 10
may toggle between using a high pass delta sigma modulator
40, a band-pass delta sigma modulator 42, or low-pass delta
sigma modulator 46. Under most operating conditions, the
reconfigurable delta sigma modulator 16 assigned to the first
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signal path 12 and the second signal path 14 are the same. As
will be recognized by one of ordinary skill in the art, the
reconfigurable delta sigma modulator 16 may be low-pass, or
arbitrary filtering specifications as required to accomplish
design objectives. The reconfigurable delta sigma modulator
16 is constructed in such a way that it can switch between
different noise transfer functions. It should be noted that the
reconfigurable delta sigma modulator 16 may be applied to
only one of the high speed DACs 18 to achieve design objec-
tives, to include accessing portions of the available spectrum
shifted around various notch points, as well as in between
them.

FIG. 2B demonstrates this by showing the notches 43 in the
high-pass quantitation noise 34 floor, the band pass quantiza-
tion noise 44 floor, and the low pass quantization noise 46
floor at near DC, V4, V4, ¥4, and near the clocking frequency
when the design is switched alternatively between a high-
pass, low pass, and band pass configuration (by selecting a
high-pass delta sigma modulator 40 or a band pass delta
sigma modulator 42, respectively). Desired output frequen-
cies between notches 43 can be achieved by either varying the
clocking frequency, or by adding additional loop filters to
more fully cover the output spectrum. By switching between
several delta sigma loop filter configurations, the disclosed
DAC 10 is able to effectively cover an entire Nyquist zone (0
to f5/2). With this architecture, a low resolution direct-digital-
to-RF transmitter can synthesize a larger bandwidth and
higher maximum frequency output without forfeiting the
advantages of an all-digital architecture. It will be recognized
that any of high-pass, band pass, low-pass, or arbitrary filter
delta sigma modulation may be employed to accomplish
design objectives.

The above noted architecture yields several significant
advantages. It is noted that the design increases the available
bandwidth, improves spectral tunability, and expands digital
flexibility of low resolution RF-DACs while increasing over-
all 1/Q modulation accuracy. While prior art systems often
yield an inherent direct trade-off between bandwidth and
maximum output frequency, the disclosed invention
improves this trade-off by implementing a poly-phased/inter-
leaved DAC and reconfigurable delta sigma modulator. As
used herein, the terms “time-interleaved,” “polyphased,”
“interleaved,” and variations thereof, may be used inter-
changeably to describe a plurality of DAC components oper-
ating in concert under varied time domain conditions. The
disclosed invention yields increased instantaneous band-
width, wide coverage of the RF spectrum via the spectral-
agility of a reconfigurable delta sigma modulator, poly-
phased image cancellation, reprogrammable digital
up-conversion and delta sigma modulation, high perfor-
mance, low resolution digital-to-RF conversion, and flexibil-
ity to adjust the realized delta-sigma noise-transfer functions.

The disclosed invention is ideally suited to highly inte-
grated silicon systems-on-chip, but is also applicable in lower
density compound semiconductor technologies which have
much higher process mismatch and lower digital capability.
The disclosed RF-DAC architecture facilitates the creation of
mixed signal RF synthesis in compound semiconductor tech-
nologies and eases the requirements of digital adjustment and
calibration by reducing the number of bits needing adjust-
ment without sacrificing in-band noise floor performance and
frequency tunability.

The disclosed invention targets application spaces requir-
ing lower part counts, multi-function capabilities, and reduc-
tions in size, weight, and power, all while maintaining exist-
ing performance benchmarks. The disclosed architecture
permits multi-standard (for example, communications and
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radar) operation by implementing a single transmitter to
cover wide bands and on-the-fly re-configurability to meet
varying power and transmission requirements.

The following examples illustrate particular properties and
advantages of some of the embodiments of the present inven-
tion. Furthermore, these are examples of reduction to practice
of the present invention and confirmation that the principles
described in the present invention are therefore valid but
should not be construed as in any way limiting the scope of the
invention.

FIG. 3 illustrates a first construction of an embodiment of
the disclosed invention. From the digital up-conversion, the
RF modulated data is fed into parallel, reconfigurable delta
sigma modulators 16 that are externally generated via an
FPGA 60. In some embodiments of the disclosed invention,
the FPGA may be substituted with application specific inte-
grated circuits or off board software-based emulation. Here,
the data is quantized and the error shaped away from the
intended output frequency band lowering its noise floor. The
loop filter of the reconfigurable delta sigma modulator 16 is
varied based on the desired output frequency of the system
such that the instantaneous output frequency can be swept
across large portions of the output spectrum. The three lines
ot high-speed data are generated with a 0° phase (first signal
path 12) and a 180° phase (second signal path 14) and fed into
the integrated circuit via low voltage differential signaling
(LVDS) receivers 62 where they are captured by latches 64.
The data is translated from binary into thermometer code 66
and lastly retimed first signal 68 and retimed second signal 70
in order for the high speed DAC 18 to convert to an analog
representation. Each high speed DAC 18 output is added via
summing circuitry 72 and routed to the chip periphery 74. The
summation circuit may operate in either a voltage or a current
domain. In some embodiments of the disclosed invention,
current summing may be accomplished by directly connect-
ing two or more wires at a node. In other embodiments,
voltage summing may be accomplished with a summing
amplifier or buffer. In order to accomplish all the timing
synchronizations, a high-speed off-chip clock is presented to
the IC at clock insertion point 76 and divided by two in order
to generate the 0° and 180° phases. With on-chip clock buffers
78, the clocking is routed to all the necessary blocks as
depicted in FIG. 3.

After delta sigma modulation, the parallel data streams are
timed to two anti-phase clocks and fed into two high speed
DACs. This process interleaves the DAC output samples,
effectively eliminating the first DAC images which can
present as in-band interfering signals in RF-DACs.

FIG. 4 is a graphical representation comparing the mea-
sured frequency spectrum of a single DAC output and the
measured output of the disclosed interleaved DAC 10. It is
noted that the first image 36a corresponding to the DAC 10 is
far more desirably suppressed than the first image 365 corre-
sponding to a single DAC configuration. The intra-DAC non-
linearity spurs 50 are believed to be traced to a particular flip
flop gate used in the design. The spurs 50 should not be
construed as feature (beneficial or detrimental), of the dis-
closed DAC 10.

FIG. 5 is a graphical representation comparing the fre-
quency spectrum output as simulated with MATLAB® soft-
ware as compared to experimental results. It should be noted
that suppression of the first image 36¢ corresponding to the
experimentally tested DAC 10 correlates closely to the sup-
pressed first image 36d corresponding to the software simu-
lation.

FIG. 7 shows an expanded view of the measured DAC 10
spectrum from 0-2 GHz demonstrating both the bandpass and
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highpass output spectrums ideally shown in FIG. 2B. In this
figure, DAC outputs at f /4, £ /2, and 3f/4 are shown.

FIG. 6 is a schematic representation of another embodi-
ment of the disclosed DAC 10. In this configuration, both the
delta sigma modulation and DAC interleaving reside on a
single chip. The modulation is reconfigurable via digital con-
trol lines, allowing the modulator to output one, two, or three
bits of bandpass or highpass data. The modulator can also be
adjusted to realize first, second, or third order delta sigma
loop filters. For interleaving purposes, two identical modula-
tors are included on chip to feed the interleaved DACs. It is
believed that the image suppression performance should be
comparable to the circuit of FIG. 3, but with the addition of
customary economies realized by a single chip design.

In use, the disclosed invention enables utilization of the
bandwidth between DC and £, by selective use of the elements
as disclosed herein. For example, a signal may be transmitted
at £/4 in the first Nyquist zone, while using the interleaving
and band pass delta sigma modulation disclosed herein to
suppress the corresponding undesirable image at 3f/4 in the
second Nyquist zone. Likewise, a transmission at 3f,/4 in the
second Nyquist zone may be accomplished without the use of
interleaving or filtering. If additional high speed DACs 18 are
added, the available bandwidth may be increased past f.. For
example, bandpass delta sigma modulation results in a rela-
tionship of (2n-1)(f/4) where n is the number of high speed
DACs 18. For high pass delta sigma modulation, the relation-
ship is (2n-3)(f/2) where n is this time the even number of
high speed DACs 18.

It will also be recognized by one of ordinary skill in the art
that acceptable performance may be realized by use of the
disclosed interleaved components adapted to an Analog to
Digital Converter ADC configuration. While the disclosed
invention has been described primarily as using two inter-
leaved DAC:s, it will be recognized by one of ordinary skill in
the art that design considerations may allow for a greater
number of interleaved DACs, with correspondingly offset
clock phases. For example, some embodiments may use a
clock phase offset of N/360°, where N is the number of
interleaved DACs.

While the present invention has been illustrated by a
description of one or more embodiments thereof and while
these embodiments have been described in considerable
detail, they are not intended to restrict or in any way limit the
scope of the appended claims to such detail. Additional
advantages and modifications will readily appear to those
skilled in the art. The invention in its broader aspects is
therefore not limited to the specific details, representative
apparatus and method, and illustrative examples shown and
described. Accordingly, departures may be made from such
details without departing from the scope of the general inven-
tive concept.

What is claimed is:

1. An interleaved digital to analog converter (DAC), the
DAC comprising:

at least a first signal path and a second signal path;

at least a first high speed DAC and a second high speed

DAC each having an input and an output, wherein the
first signal path and the second signal path are electri-
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cally coupled to the first high speed DAC input and the
second high speed DAC input, respectively;

a zero phase clock signal supplied to the first high speed
DAC and a 180° phase shifted clock signal supplied to
the second high speed DAC;

a summation circuit, having at least two inputs and one
output, coupled to the outputs of the first high speed
DAC and the second high speed DAC;

a high-pass delta sigma modulator, a low-pass delta sigma
modulator, a band pass delta sigma modulator, or notch
filter delta sigma modulator coupled between the first
signal path and the first high speed DAC; and

a second a high-pass delta sigma modulator, a second low-
pass delta sigma modulator, a second band pass delta
sigma modulator, or a second notch filter delta sigma
modulator electrically coupled between the second sig-
nal path and the second high speed DAC.

2. An interleaved digital to analog converter (DAC), the

DAC comprising:

at least a first signal path and a second signal path;

at least a first high speed DAC and a second high speed
DAC each having an input and an output, wherein the
first signal path and the second signal path are electri-
cally coupled to the first high speed DAC input and the
second high speed DAC input, respectively;

a zero phase clock signal supplied to the first high speed
DAC and a 180° phase shifted clock signal supplied to
the second high speed DAC;

a summation circuit, having at least two inputs and one
output, coupled to the outputs of the first high speed
DAC and the second high speed DAC;

a first reconfigurable delta sigma modulator coupled
between the first signal path and the first high speed
DAC; and

a second reconfigurable delta sigma modulator electrically
coupled between the second signal path and the second
high speed DAC.

3. The DAC of claim 2, wherein the first reconfigurable
delta sigma modulator or the second reconfigurable delta
sigma modulator may be selectively toggle between a high-
pass delta sigma modulator, a low-pass delta sigma modula-
tor, a band pass delta sigma modulator, contained therein.

4. The DAC of claim 3, wherein the reconfigurable delta
sigma modulator or the second reconfigurable delta sigma
modulator further including an arbitrary waveform delta
sigma modulator, wherein the math of the arbitrary waveform
delta sigma modulator is configured to perform filtering dis-
tinct from the high-pass delta sigma modulator, the low-pass
delta sigma modulator, the band pass delta sigma modulator,
or the notch filter delta sigma modulator.

5. The DAC of claim 3 further including a digital up-
conversion circuit electrically coupled to the first signal path
and the second signal path, and disposed before to the first
reconfigurable delta sigma modulator and the second recon-
figurable delta sigma modulator, wherein the digital up-con-
version circuit is configured to process an incoming signal
wholly in the digital domain.
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